The microbial larvicides Bacillus thuringiensis var. israelensis and Bacillus sphaericus have been used extensively for mosquito control and have been found to be effective and safe to non-target organisms cohabiting with mosquito larvae. Recently developed long lasting microbial larvicides (LLML), although evading the previous challenge of short duration of activity, increase the risk of persistence of toxins in the treated larval habitats. This study monitored the impact of LLML FourStar ® and LL3
| INTRODUC TI ON
Mosquitoes breed in a variety of aquatic habitats and have a global distribution. Despite of their important role in the ecosystem, some species are also important disease vectors that spread malaria and other parasites as well as arboviruses (Fang, 2010) . Malaria has thus remained an important human mosquito-borne disease, and in 2016 it was estimated that 216 million cases of human malaria occurred worldwide, resulting into 445,000 deaths (WHO, 2017) . At present, malaria control relies heavily on the use of long lasting insecticide treated nets (LLINs) and/or indoor residual spraying with insecticide (IRS) to control the vectors (WHO, 2017) . However, widespread insecticide-based interventions have resulted in evolution of insecticide resistance to all classes of insecticides used for malaria vectors (Butler, 2011; WHO, 2017) . As an adaptation to the insecticidal pressure, malaria vectors have moreover been observed to change their biting and resting behavior (Moiroux et al., 2012; Sougoufara, Doucouré, Sembéne, Harry, & Sokhna, 2017; Sougoufara et al., 2014) . Malaria vector shift and replacement have also been reported following IRS intervention (Gillies & Furlong, 1964; Gillies & Smith, 1960) . For the continued delivery of effective insecticide-based interventions for malaria control, there is a need to develop more ecologically friendly alternatives with a potential to evade adaptation mechanisms by the vectors.
Mosquito larvae control has a proven record of lowering malaria transmission or even eradication of malaria mosquitoes (Killeen, Fillinger, Kiche, Gouagna, & Knols, 2002) . It has been observed that unlike adult mosquitoes, larvae do not change their behavior to avoid control interventions targeted at larval habitats . Moreover, larvae control strategy also serves to extend the useful life of insecticides by reducing selection pressure for resistance development and the strategy is equally effective in controlling both indoor and outdoor biting mosquitoes. An integrated approach of larval control with adult mosquito control interventions like LLINs and IRS has been considered to be a highly effective method for control of malaria (Walker & Lynch, 2007) .
Larviciding with chemical agents has been a historically important component of malaria vector control (Killeen, Fillinger, Kiche, et al., 2002) . However, due to significant adverse effects to other non-target species, chemical larvicides have received gradually less attention in the past decades. Instead, preference has shifted to the use of microbial larvicides Bacillus thuringiensis var. israelensis (Bti) and Bacillus sphaericus (Bs) which selectively kill mosquito larvae with negligible effect to the non-target organisms (Walker & Lynch, 2007) . Susceptible mosquito larvae have alkaline gut conditions, enzymes and specific receptors for processing and binding of the Bti or Bs toxins (Baumann, Clark, Baumann, & Broadwell, 1991; Dadd, 1975; Nicolas, Lecroisey, & Charles, 1990; Soberón, Fernández, Pérez, Gill, & Bravo, 2007) . Thus, the toxins responsible for the pathogenic effect in mosquito larvae have no effect to vertebrates and some invertebrates, and hence they are suitable for application even in peri-domestic mosquito breeding habitats (Lacey, 2007; Lacey & Merritt, 2003; Saik, Lacey, & Lacey, 1990 ).
However, the conventional Bti and Bs have low residual activity and require repeated applications, which increase the cost of interventions (Fillinger, Knols, & Becker, 2003; Majambere, Lindsay, Green, Kandeh, & Fillinger, 2007; Majambere et al., 2010) . In the recent past, long lasting microbial larvicide formulations that combine both Bti and Bs with potential for sustained release of active ingredients for up to 6 months have become available (Afrane et al., 2016; Zhou et al., 2016) . The longer duration of activity may result in longer persistence of the toxin crystals in the environment and ultimately this may have direct or indirect adverse effects on non-target organisms cohabiting with the mosquito larvae (Dupont & Boisvert, 1986) .
A variety of non-target organisms has been found to coexist with the mosquito fauna in aquatic habitats (Bukhari, Takken, Githeko, & Koenraadt, 2011; Fillinger, Sombroek, et al., 2009; Service, 1977) and to play a critical role in regulating the aquatic stages of mosquitoes through predation and competition. Diverse orders of aquatic vertebrates and invertebrates prey on mosquito larvae Ohba et al., 2010) . In addition to direct predation, the predators cause considerable indirect impacts on the population dynamics of the prey species (Åbjörnsson, Brönmark, & Hansson, 2002; Lima, 1998) . Studies have shown that increased anti-predator behavior such as avoiding colonizing habitats with predators translates into increase in duration of gonotrophic period of the prey and hence in a reduction in reproductive output (Åbjörnsson et al., 2002; Bond, Arredondo-Jiménez, Rodríguez, Quiroz-Martínez, & Williams, 2005; Lima, 1998; Petranka & Fakhoury, 1991) . Anti-predator behavior has also been linked with reduced energy intake and long-term survival of the prey. On the other hand, the presence of co-occurring species that compete for resources has been found to lower reproductive rates and survival of mosquito larvae (Kiflawi, Blaustein, & Mangel, 2003; Spencer, Blaustein, & Cohen, 2002) .
Previous studies have suggested that microbial larvicides based on Bti and Bs are harmless to nearly all non-target organisms when applied at recommended dosages (Lacey, 2007; Lacey & Merritt, 2003) . However, the observation that Bti toxic crystals may persist in the environment has raised some concern that intensive applications could lead to accumulation of toxins with adverse effect on non-target organisms (Boisvert & Boisvert, 1999; Dupont & Boisvert, 1986; Paris et al., 2011; Tilquin et al., 2008 ). An extensive review of the effect Bti on target and non-target organisms has listed a number (Boisvert & Boisvert, 2000) . Other studies have suggested that by removing the target organisms, an important segment of the food web is removed, thereby possibly reducing ecosystem diversity and potentially altering the overall community structure (Hershey, Lima, Niemi, & Regal, 1998; Merritt, Wipfli, & Wotton, 1991) . Monitoring the impact of Bti and Bs on non-target organisms should, therefore, be an important requirement for mosquito control interventions using microbial larvicides. On this background, this study monitored the safety of long lasting microbial larvicides (LLML) based on Bti and Bs on non-target organisms when used at a recommended dosage for 5 months of their duration of activity.
| ME THODS

| Study area
The study was conducted in three villages of western Kenya highlands. These were Iguhu (0.16176N, 34.76160E) in Kakamega County and two neighboring villages of Emutete (0. 02627N, 34.61663) and Emakakha (0.10877N, 34.65331E) in Vihiga County (Figure 1 ).
These villages have fairly the same topography and weather conditions and inhabitants practice subsistence farming and livestock keeping. The average annual rainfall is about 1,950 mm, with peak generally occurring between March and June followed by a short rainy season in October and November. The study area has been categorized as moderately endemic for malaria and epidemics are not uncommon (Hay et al., 2002) . Detailed information on topography, weather conditions, human settlements and agricultural activities undertaken in the study villages have been described elsewhere According to the manufacturer's, once applied to the larval habitat, FourStar ® and LL3 briquets sustain release of effective levels of Bti and Bs to the water as the briquettes dissolve to effect mosquito larvae control for up to 180 days.
| Test materials
| Experiments
At the beginning of the study, 300 anopheline larval habitats were identified in the three selected villages and characterized based on previous classification (Kweka, Munga, Himeidan, Githeko, & Yan, 2015; Kweka, Zhou, Lee, et al., 2011) . In brief, larvae habitats were classified by habitat type (drainage ditches, abandoned gold mines, ponds, fish ponds, roadside canals, rock pools, and swamps) and then identified using unique numbers. Baseline information on non-target Gladwick ST. Rancho Dominguez CA) by gently dragging the net along the water surface at the margin of larval habitats as previous described (Ndenga et al., 2012) . A 350 ml mosquito dipper was used for surveys in larval habitats with relatively high vegetation cover as aquatic insect nets proved to be impractical in those habitats. Particular attention was devoted to non-target organisms with a potential role as predators or competitors of mosquito larvae. The collected non-target organisms were classified to order and common names as described in the past (Bukhari et al., 2011; Fillinger, Sombroek, et al., 2009 ).
| Data analysis
Data were entered in Excel and later transferred to 
| Ethics
The study received ethical approval from the Scientific and Ethical Before fieldwork, meetings were held with the respective County leaders to inform them about the study and to seek their cooperation. Oral informed consent was sought and obtained from land/farm owners before start of larval habitat surveys and application of LLML.
| RE SULTS
The impact of FourStar ® and LL3 LLML on non-target organisms was monitored in 300 mosquito larval habitats, randomly assigned equally to either the two treatments or control. Environment Table 1 ). However, FourStar ® and LL3 LLML significantly reduced the density of anopheline mosquitoes (GEE, p < 0.001; Figure 4 ; Table 2 ). The two interventions had no significant impact on non-anopheline mosquitoes (GEE, p > 0.1; Figure 4 ). Comparison of the activity of the two LLML indicated that FourStar ® and LL3
were equally effective to the target and safe to the non-target organisms (Table 2 ; Figures 3 and 4) .
The community structure of the 11 taxa of non-target organisms was monitored in the different larval habitat for 21 weeks after revealed that diversity of taxa of non-target organisms as expressed by Simpson diversity index was not significantly different in the treated and control larval habitats (GEE, p > 0.1; Figure 5 ; Table 3 ).
Likewise, taxa richness before and after application of FourStar ® or LL3 LLML, and between treated and control larval habitats were not significantly different (Table 3) .
| D ISCUSS I ON
Vector control with microbial larvicides is a promising complement to insecticide-based malaria control interventions due to their effectiveness and safety (Fillinger & Lindsay, 2006; Fillinger, Ndenga, Githeko, & Lindsay, 2009) . Coupled with the advent of long lasting formulated products with potential for sustained release of active ingredients, their use in integrated vector management (IVM) is likely to expand in the near future. However, application of formulations that last longer in the environment raises concerns with respect to their impact on non-target organisms (Boisvert & Boisvert, 1999; Dupont & Boisvert, 1986) . Of particular importance in mosquito larvae ecology is the safety of microbial larvicides on beneficial organisms that help in regulating mosquito density in aquatic habitats (Åbjörnsson et al., 2002; Bond et al., 2005; Kiflawi et al., 2003; Lima, 1998; Petranka & Fakhoury, 1991; Spencer et al., 2002) . The current study monitored the impact of Bs to non-target organisms cohabiting with mosquito larvae when applied at recommended rates (Brown, Watson, Carter, Purdie, & Kay, 2004; Lacey & Merritt, 2003; Lagadic, Roucaute, & Caquet, 2014; Merritt et al., 2005) . Of particular relevance, no study has so far reported any direct significant effect of Bti and Bs to the organisms monitored in the current study. Significant adverse effects have been observed in certain dipterans when exposed to Bti, as summarized in a review by Boisvert (Boisvert & Boisvert, 2000) .
However, in most of these cases, treatments were either overdosed or the adverse effects were linked to other factors such as formulation additives, turbidity or methodological errors (Boisvert & Boisvert, 2000) .
The present findings moreover revealed that application of FourStar ® or LL3 LLML did not alter richness or community diversity of the eleven taxa studied, when comparing the intervention and control larval habitats. Analysis by individual order of organisms did not indicate any significant alterations of population structure in treated and control larval habitats. However, application of FourStar ® or LL3 LLML caused a significant decline in malaria vectors (Anopheles gambiae complex and An. funestus group). This novel selective toxicity is based on the presence in Bti/Bs toxins, a receptor binding region believed to determine insect specificity (Lacey, 2007) . The inherently high level of safety to non-target organisms makes microbial larvicides not harmful to the environment and ideal for use in IVM operations (Walker & Lynch, 2007 2003; Fillinger, Ndenga, et al., 2009) (Wanjala et al., 2015) . However, removal of target organisms (mosquito larvae) by Bti and Bs intervention may in the long run reduce the ecosystem diversity and alter the population structure of aquatic organisms cohabiting with mosquito larvae (Hershey et al., 1998; Merritt et al., 1991) . This should call for regular monitoring of the long-term direct and indirect impact of their application in the control of mosquitoes.
It has previously been reported that lentic organisms are particularly more exposed to Bti and Bs than lotic organisms due to heavier accumulation of toxin in the former than the later ecosystem (Boisvert & Boisvert, 2000) . Hemiptera diversity in temporary larval habitats, which was not related to the intervention (as it occurred in both treated and control sites), the general trend showed a lack of impact of FourStar ® or LL3 LLML to the non-target organisms co-occurring with mosquito larvae.
It is undisputable that chemical insecticides will remain an important malaria mosquito control intervention in a foreseeable future. However, their perceived risk to the environment, the emergence, and spreading of insecticide resistance and the possible change in mosquito dynamics has raised considerable attention to the search for alternative control agents (Federici, 1995) . Thus, insecticide resistance and behavioral adaptations of malaria vector call for novel control methods that prevent or delay evolution of these traits. In this respect, the importance of microbial larvicides and their potential for inclusion to IVM strategies cannot be overemphasized. With their high level of safety to the environment, they preserve organisms that not only provide ecosystem services (food web & pollination) but also regulate mosquito proliferation through predation and competition.
| CON CLUS IONS
Our findings suggest that one round of label rate application of LLML FourStar ® or LL3 in natural mosquito larval habitats will not alter the abundance or diversity of aquatic vertebrates and invertebrates cohabiting with mosquito larvae to an ecologically significant level. Our findings thus corroborate with previous reports 
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TA B L E 3 Taxa richness and Simpson diversity index of the non-target organisms in surveyed larval habitats prior and after application of LLML 
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